The cilium serves as a cellular antenna by coordinating upstream environmental cues with numerous downstream signaling processes that are indispensable for the function of the cell. This role is supported by the revelation that defects of the cilium underlie an emerging class of human disorders, termed "ciliopathies." Although mounting interest in the cilium has demonstrated the essential role that the organelle plays in vertebrate development, homeostasis, and disease pathogenesis, the mechanisms regulating cilia morphology and function remain unclear. Here, we show that the target-of-rapamycin (TOR) growth pathway modulates cilia size and function during zebrafish development. Knockdown of tuberous sclerosis complex 1a (tsc1a), which encodes an upstream inhibitor of TOR complex 1 (Torc1), increases cilia length. In contrast, treatment of embryos with rapamycin, an inhibitor of Torc1, shortens cilia length. Overexpression of ribosomal protein S6 kinase 1 (S6k1), which encodes a downstream substrate of Torc1, lengthens cilia. Furthermore, we provide evidence that TOR-mediated cilia assembly is evolutionarily conserved and that protein synthesis is essential for this regulation. Finally, we demonstrate that TOR signaling and cilia length are pivotal for a variety of downstream ciliary functions, such as cilia motility, fluid flow generation, and the establishment of left-right body asymmetry. Our findings reveal a unique role for the TOR pathway in regulating cilia size through protein synthesis and suggest that appropriate and defined lengths are necessary for proper function of the cilium.
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Chlamydomonas | mammalian target of rapamycin | Kupffer's vesicle | laterality | flagella T he cilium, a cell surface organelle, has emerged as a key center of sensation, signal transduction, growth, and motility for the vertebrate cell (1) . Although previous studies have provided insight into many core components of cilia biogenesis, the regulation of cilia structure and function has remained poorly understood (2) . However, the relevance of this regulation has grown in importance, as ciliary defects have been linked to an increasing number of human disorders. Additionally, the dramatically different yet stereotypic length of cilia in varying cell types suggests active regulation. However, the mechanisms that regulate cilia size and the functional consequences of aberrant cilia size, particularly that of abnormally long cilia, remain poorly understood.
Given the importance of cilia to core biological processes, it is not surprising that recent findings have linked cilia length defects with human disorders. Loss of tuberous sclerosis complex (TSC) proteins in zebrafish and mice result in cystic kidneys and abnormally long renal cilia (3, 4) . Additionally, proteins associated with Meckel-Gruber syndrome and retinitis pigmentosa also influence cilia length (5, 6) . Case studies of children with primary ciliary dyskinesia have revealed an association between abnormally long cilia in the lung airway and recurrent lung infections, suggesting that elongated cilia fail to remove contaminants in the airway (7) . Furthermore, abnormally long cilia have been found in the renal epithelium during early tissue repair in humans and mice with acute tubular necrosis (8) .
The first clues that signaling pathways may be involved in cilia length regulation came from the ciliated green alga, Chlamydomonas reinhardtii. Four long flagella mutants have been identified from genetic screens, with two encoding for kinases (9) . Genetic analysis of these mutants has suggested that some of these proteins may be involved in a common signaling cascade (10) ; however, their function has not been elucidated. In vertebrates, the FGF pathway, the Notch pathway, and cAMP signaling have been shown to regulate cilia length (11) (12) (13) . Actin dynamics and endocytic vesicular trafficking have also been implicated in this process (14) . Combined, these findings suggest that the cilium is a dynamic structure that is subjected to regulation by diverse and broad signals. Furthermore, the seemingly unrelated and heterogeneous nature of these signals emphasize that our knowledge of the mechanisms regulating ciliary size is currently limited.
In a previous study, we found that zebrafish embryos deficient in tsc1a, one of two TSC1 homologs, yielded abnormally elongated cilia in the pronephric duct and otic vesicle (3) . TSC1 and TSC2 are causal genes of TSC, which is a rare, autosomaldominant genetic disorder that is characterized by the growth of benign tumors in the brain, kidney and other vital organs (15) . The gene products of TSC1 and TSC2 form a complex that prevents the activation of target-of-rapamycin complex 1 (TORC1), a major protein complex that executes TOR signaling (16) . TORC1 integrates numerous environmental and upstream signaling inputs to function as a key controller of cell size, proliferation and metabolism (16) . Prompted by these findings, we investigated TOR signaling as a potential modulator of cilia length and function during zebrafish development.
Results
Knockdown of tsc1a Induces Cilia Elongation. We chose to analyze a ciliated epithelial organ called Kupffer's vesicle (KV) because of the ease of quantifying cilia length and the availability of biological readouts for analyzing cilia function (Fig. S1 ). In a process analogous to the mouse node, motile cilia located in the KV generate a directional fluid flow that is believed to trigger early bilateral asymmetry in zebrafish (17, 18) . We observed that the tsc1a translational blocking morpholino (MO) induced an abnormally long KV cilia phenotype in a dose-responsive manner ( Fig. 1 A-C) , expanding our previous finding in the otic vesicle and the pronephric duct (3). Additionally, there was not a significant change in the size of the KV or the number of cilia in the KV of tsc1a morphants (embryos microinjected with a MO) (Table S1 ). To address whether TSC signaling functions cellautonomously in KV cells to regulate cilia length, we generated chimeric DFC tsc1a MO morphants in which tsc1a is knocked down solely in the dorsal forerunner cells (DFC, KV precursor cells) and the yolk (17) . Similar to embryos with global knockdown of tsc1a, DFC tsc1a MO morphants exhibited long cilia in a dose-responsive manner compared with DFC control MO embryos (Fig. S2  and Table S2 ). In addition to DFC control MO morphants, chimeric yolk tsc1a MO embryos with yolk-specific knockdown of tsc1a served as an additional negative control and displayed no alterations in cilia length. These results reveal that cell-autonomous TSC signaling in KV precursor cells is crucial for the proper establishment of cilia length.
Tsc1a Modulates Cilia Length Through Torc1 Signaling. To define a mechanism by which the Tsc complex controls ciliary size, we explored whether Tsc1a could be acting through Torc1, a known downstream target (3). Wild-type embryos treated with 0.4 μM rapamycin, a widely-used inhibitor of Torc1, displayed significantly shortened cilia in the KV (Fig. 1 D-F) . The number of cilia and the size of the KV in rapamycin-treated embryos were not significantly altered (Table S3) . To confirm that Torc1 is downstream of Tsc1a in cilia length regulation, we performed an epistatic analysis. Knockdown of tsc1a in embryos followed by treatment with rapamycin resulted in short KV cilia in comparison with tsc1a and control morphants treated with vehicle alone (Fig. 1G and Table S4 ). Importantly, KV cilia of rapamycintreated tsc1a morphants were of similar length to rapamycintreated control morphants, indicating that Torc1 is indeed epistatic to Tsc1a for cilia length control.
Torc1 Regulates S6k1 Activity to Influence Cilia Length. TORC1 influences cellular growth by phosphorylating ribosomal protein S6 kinase 1 (S6K1), a serine/threonine kinase that regulates S6 ribosomal protein and other members of the translational machinery (3, 16) . To assess whether S6k1 is required for Torc1-mediated cilia length control, we overactivated S6k1 by mRNA overexpression and analyzed for ciliary length defects. Strikingly, embryos overexpressing S6k1 displayed abnormally long cilia in the KV (Fig. 1H and Fig. S3 A and B) . KV size and cilia number were not significantly changed in S6k1 overexpressants (OE; embryos microinjected with and overexpressing mRNA) compared Representative confocal images of the KV from tsc1a MO and rapamycin-treated embryos at the sixsomite stage stained with antibodies against acetylated α-tubulin (green, cilia) and aPKC (red, apical KV membrane). White-border box is a magnification from the background image. Yellow-border boxes indicate cilia that are rendered in B and F. (Scale bars, 10 μm.) (B and F) Three-dimensional volumetric rendering of individual KV cilia. (Scale bars, 5 μm.) (C) tsc1a morphants displayed significantly longer KV cilia (2.0 ng MO: n = 9 embryos, 385 total cilia), in a dose-responsive manner, relative to control morphants (n = 15 embryos, 585 total cilia, P < 0.001). (D) Embryos pretreated with rapamycin (0.4 μM rapamycin: n = 28 embryos, 1211 total cilia) had shorter cilia, in a dose-responsive manner, in comparison with vehicle-treated control embryos (n = 23 embryos, 1,035 total cilia, P < 0.001). (G) Rapamycin treatment shortened cilia length in tsc1a morphants (n = 18, 748 total cilia) compared with vehicle-treated tsc1a morphants (n = 15 embryos, 556 total cilia, P < 0.001) and control morphants (n = 16, 589 total cilia, P = 0.024). There was no significant difference in cilia length between rapamycin-treated tsc1a and rapamycin-treated control morphants (n = 19 embryos, 689 total cilia, P = 0.974). (H) Vehicle-treated S6k1 OE displayed significantly elongated cilia (n = 14 embryos, 707 total cilia) in the KV relative to vehicle-treated wild-type embryos (n = 15 embryos, 721 total cilia, P < 0.001). Rapamycin treatment of S6k1 OE did not significantly alter cilia length (n = 11 embryos, 418 total cilia, P = 0.354) compared with vehicle-treated S6k1 OE. Cilia length was increased in rapamycin-treated S6k1 OE compared with rapamycin-treated wild-type embryos (n = 19 embryos, 836 total cilia, P < 0.001). Asterisks above brackets denote ANOVA comparisons between samples indicated by the bracket, and asterisks above a single sample denote ANOVA comparisons between that sample and the control. *P < 0.05, ***P < 0.0005. Data in C, D, G, and H are mean cilia length of embryos ± SD.
with controls (Table S5) . Interestingly, S6k1 OE also displayed long cilia and expanded lumens in the pronephric duct (Fig. S3 D-I and Tables S6 and S7) , a phenotype commonly associated with ciliary defects (3, 11) . Similar to embryos with global overexpression of S6k1, chimeric DFC S6k1 OE embryos produced longer cilia in a dose-responsive manner (Fig. S3C and Table S8 ).
Chimeric yolk
S6k1 OE embryos with yolk-specific overexpression of S6k1 served as an additional negative control and displayed no alterations in cilia length. Thus, the regulation of cilia length by S6k1 behaves in a cell-autonomous manner in DFCs. To determine whether the effect of S6k1 on cilia regulation is downstream of the TSC-TOR pathway, we performed an epistatic analysis between S6k1 and Torc1. Overexpression of S6k1 followed by rapamycin-treatment did not significantly alter the long cilia phenotype compared with S6k1 OE treated with vehicle alone (Fig. 1H and Table S5 ), suggesting that S6k1 acts downstream of Torc1 to regulate cilia length.
In accordance with these findings, immunoblots of tsc1a morphants and S6k1 OE showed significantly increased levels of S6k1 phosphorylation at Thr389 compared with control samples (Fig. S4 A and B) . Additionally, immunoblot analysis of embryos treated with rapamycin showed significantly decreased levels of phosphorylated S6k1 (Fig. S4C ).
Gsk3b-Mediated Cilia Elongation Acts Through Torc1 Signaling. Inhibition of glycogen synthase kinase 3β (GSK3B) by lithium treatment induces a rapid and reversible long cilia phenotype in the unicellular green alga C. reinhardtii (19) . Consistently, overexpression of GSK3B K85A , a dominant-negative mutant of GSK3B (20) , yielded a long cilia phenotype in zebrafish (Figs. S3 D-I, and S4 E-H and Tables S6, S7 , S9, and S10). Because S6K1 is capable of directly inhibiting GSK3B through phosphorylation of Ser9 (21), TORC1 could regulate cilia length through GSK3B. Alternatively, GSK3B may regulate cilia length through TORC1 signaling, as GSK3B is known to repress TORC1 by directly activating TSC2 (22) . In support of the latter mechanism, immunoblots from embryos overexpressing GSK3B K85A demonstrated elevated levels of activated S6k1 (Fig. S4D) , but the level of Gsk3b phosphorylation at Ser9 was not altered by disruptions in Torc1 signaling caused by either rapamycin treatment or S6k1 overexpression ( Fig. S4 B and C) . Furthermore, overexpression of GSK3B K85A followed by rapamycin treatment resulted in significantly shortened cilia compared with vehicle-treated GSK3B K85A OE and wild-type controls ( Fig. S4I and Table S11 ). Importantly, cilia of rapamycin-treated GSK3B K85A OE were of similar length to rapamycin-treated wild-type embryos, indicating that Torc1 is indeed epistatic to Gsk3b in regard to cilia length The shortened steady-state flagellar length induced by CHX treatment is exacerbated by rapamycin treatment. CHX-only treated cells showed a truncated steady-state length (8.2 ± 0.6 μm at 180 mpd) compared with vehicle-treated control cells (12.5 ± 0.3 μm at 180 mpd, P = 0.006). Rapamycin-only treatment severely delayed overall assembly kinetics but did not affect the final steadystate length (12.2 ± 0.6 μm at 180 mpd, P = 0.359). Rapamycin and CHX-treated cells produced a delayed recovery and maintained a severely truncated steadystate length (5.8 ± 0.1 μm at 180 mpd) compared with vehicle alone (P < 0.001), rapamycin-only (P = 0.002), and CHX-only treated samples (P = 0.003). n = 50 cells per condition and timepoint. Data represents mean flagellar length of cells ± SD. (E) KV cilia length (shown as mean cilia length of embryos ± SD) was shortened in CHX-treated S6k1 OE (n = 8 embryos, 343 total cilia) compared with vehicle-treated S6k1 OE (n = 14 embryos, 711 total cilia, P < 0.001) and wildtype embryos (n = 15, 738 total cilia, P = 0.017). There was no significant difference in cilia length in CHX-treated S6k1 OE and CHX-treated wild-type embryos (n = 19 embryos, 777 total cilia, P = 0.935). Asterisks above brackets denote ANOVA comparisons between samples indicated by the bracket, and asterisks above a single sample denote ANOVA comparisons between that sample and the control. *P < 0.05, **P < 0.005, ***P < 0.0005. (F) Activation of Torc1 signaling results in elongated cilia, and inhibition of Torc1 results in shortened cilia. Additionally, Gsk3b modulates cilia length through Torc1 signaling. Protein synthesis may represent a mechanism by which the TOR pathway regulates cilia length.
changes. Combined, these findings implicate Torc1 signaling as a mechanism for Gsk3b-mediated cilia elongation and further support the role of the TOR pathway in cilia length control (Fig. 2F ).
Torc1 Signaling Regulates Cilia Assembly by Control of Protein
Synthesis and This Mechanism Is Evolutionarily Conserved. A hallmark function of TORC1 signaling through S6K1 is to promote mRNA translation, raising the possibility that modulations in protein synthesis rates may represent a mechanism by which TORC1 controls cilia length. As numerous components of the TORC1 pathway are conserved in C. reinhardtii (23, 24) , we adapted a flagellar regeneration assay to address the role of protein synthesis in cilia assembly. Amputation of flagella (deflagellation) results in the immediate assembly of new, fulllength flagella following a deceleratory elongation kinetic (25) . The addition of cycloheximide, a inhibitor of protein synthesis, at a concentration of 10 μg/mL during amputation immediately blocks new protein synthesis and results in the assembly of approximately half-length flagella, thus demonstrating that fulllength assembly of flagella requires the incorporation of ciliary precursors from two sources: a preexisting flagellar precursor pool that is synthesized before amputation and precursors that are newly synthesized after amputation ( Fig. S5B ) (25) . As TORC1 inhibition results in decreased translation, we treated algae cells with rapamycin and examined for flagellar assembly defects. When cc-125 wild-type cells were deflagellated, rapid reassembly of flagella to wild-type lengths occurred within 60 min postdeflagellation (mpd) ( Fig. 2 A and B) . However, cells subjected to rapamycin treatment 24 h before amputation showed a significantly delayed and linear-like recovery by taking ∼90-180 mpd, in a dose-responsive manner, to assemble fulllength flagella. The slow reassembly of flagella in rapamycintreated cells, rather than shortened flagella, may indicate that rapamycin treatment diminishes both the preexisting precursor pool and the synthesis of new precursors after amputation, although only partially. A plausible explanation for this incomplete blockage is the decreased potency of rapamycin in C. reinhardtii (23) . Alternatively, rapamycin treatment is known to increase autophagy in the green alga (23, 24) , which may be able to compensate for the inhibition of translation.
We further reasoned that by blocking new protein synthesis completely, cycloheximide treatment would reveal the specific impact of rapamycin treatment on the preexisting precursor pool. Consistent with previous findings, cycloheximide-only treatment of cc-125 wild-type cells resulted in a mean flagellar length of 8.2 ± 0.6 μm after 180 mpd, and rapamycin-or vehicle-treated control cells recovered to a mean steady-state length of 12.2 ± 0.6 μm or 12.5 ± 0.3 μm, respectively ( Fig. 2 C and D) . Strikingly, cells treated with both rapamycin and cycloheximide displayed a substantially shortened mean flagellar length of 5.8 ± 0.1 μm after 180 mpd, representing a statistically significant decrease compared with cells treated with cycloheximide alone. This further shortened flagellar length indicates that rapamycin diminished the preexisting pool of precursors. Combined with the delayed but eventual recovery of full-length flagella in rapamycin-only treated cells, these data suggest that the inhibition of TORC1 by Fig. 3 . Aberrant Torc1 signaling reveals a cilia length and function correlation. (A) Cilia from tsc1a MO (n = 10 embryos, 153 total cilia, P < 0.001), rapamycintreated (n = 4 embryos, 69 total cilia, P < 0.001) and S6k1 OE (n = 8 embryos, 107 total cilia, P < 0.001) embryos displayed significantly lower beat frequencies compared with wild-type embryos (n = 12 embryos, 177 total cilia). ***P < 0.0005. (B) Kymograph analysis of individual beating KV cilia from high-speed video recordings. Total time-lapsed is 1 s. Blue and red boxes highlight four and one complete beat cycles, respectively, of each cilium shown. (C) Rapamycin-treated (n = 11 embryos, 138 beads total, P < 0.001) and S6k1 OE (n = 10 embryos, 121 beads total, P < 0.001) embryos showed significantly slower fluid-flow velocities in the KV lumen compared with wild-type embryos (n = 19 embryos, 297 beads total). ***P < 0.0005. (D) Directional KV fluid-flow was absent in rapamycintreated embryos (n = 11 embryos, 138 beads total), but S6k1 OE (n = 10 embryos, 121 beads total), and wild-type embryos (n = 19 embryos, 297 beads total) displayed a counter-clockwise flow. Triangles indicate the start of an individual bead trajectory. Dotted lines indicate the boundary of the KV as determined by DIC image overlays. (E) Flagellar length and beat frequency distribution of individual cc-125 C. reinhardtii cells in a synchronous wild-type population. Sixty-six of 100 analyzed cells showed a flagellar length of 10-12 μm (defined as "wild-type," highlighted by blue shade), with an average beat frequency of 86.1 ± 7.8 Hz. Arrowhead indicates percentage of nonciliated cells. Data represent three independent experiments. Asterisks above a single sample denote ANOVA comparisons between that sample and the control. Data in A is mean cilia beat frequency of embryos ± SD, and C is mean bead velocity of embryos ± SD. rapamycin inhibits flagellar assembly by diminishing both sources of flagellar precursors.
To verify that protein synthesis is also crucial for cilia length and assembly regulation by Torc1 in the zebrafish KV, we treated S6k1 OE or wild-type embryos with cycloheximide and examined for ciliary length defects. Wild-type embryos treated with cycloheximide exhibited short KV cilia in comparison with vehicletreated S6k1 OE and wild-type embryos (Fig. 2E, Fig. S5 D and E, and Table S12 ). Importantly, S6k1 OE treated with cycloheximide displayed short cilia that were not significantly different compared with cycloheximide-treated wild-type embryos. Thus, protein synthesis is essential for cilia assembly and length regulation in diverse ciliated organisms. Collectively, these findings support a conserved mechanism by which TORC1 signaling modulates cilia length via translational control of ciliary precursors (Fig. 2F) .
Disruption of Torc1 Signaling and Cilia Length Result in Abnormal
Cilia Motility. To gain understanding of the relationship between cilia length and function, we first interrogated whether alterations in cilia length by the Torc1 pathway affect cilia motility in the zebrafish KV. As motile cilia may beat up to ∼80 cycles per second (26), we used ultra high-speed videomicroscopy to image cilia in vivo at 1,000-2,000 frames per second (fps) with large resolutions using differential interference contrast (DIC) techniques. In wild-type control embryos, motile cilia beat in a circular motion at a mean frequency of 42.1 ± 3.8 Hz (Fig. 3 A and B and Movie S1). Surprisingly, the abnormally long motile cilia of tsc1a morphants also beat in a circular motion but at a significantly slower mean frequency of 25.6 ± 3.4 Hz (Movie S2). Similarly, the abnormally long cilia of S6k1 OE also exhibited a drastically slower mean beat frequency (29.8 ± 4.9 Hz) (Movie S3). Interestingly, short motile cilia of rapamycin-treated embryos beat at a moderately slower beat frequency (31.4 ± 2.7 Hz) (Movie S4). Thus, abnormally long and short cilia that result from aberrant Torc1 signaling display cilia motility defects compared with wild-type cilia. Consistently, in C. reinhardtii cells, we also observed correlations between flagellar length and swimming speed during flagellar regeneration, regardless whether the cells are treated with vehicle alone, rapamycin, cycloheximide, or rapamycin together with cycloheximide ( Fig. S5 A and C) .
To analyze for a potential association between flagellar length and motility under less perturbed conditions, we measured flagellar length and motility of individual C. reinhardtii cells in a synchronous wild-type population. Wild-type cc-125 cells synchronized by alternating light and dark cycles under minimal medium, whereby growth occurs primarily during the light phase and division during the dark phase (27) , were recorded at 2,000 fps during the G1 growth phase of the light cycle. A flagellar length vs. beat-frequency histogram of the population indicates a Gaussian-like distribution of length, with the center of the peak between 10 and 12 μm (defined as the mean wild-type length) (Fig. 3E) . Interestingly, cells within the mean wild-type length range displayed the maximal beat frequency of 86.1 ± 7.8 Hz (Movie S5). As cells deviated from the wild-type length range, flagellar motility decreased accordingly. Together, these experiments suggest the existence of an integral and conserved association between cilia length and motility that is in part regulated by the Torc1 pathway in zebrafish.
Torc1 Signaling Is Essential for Cilia-Directed Fluid Flow. Motile cilia of the KV are believed to drive a directional fluid flow that is crucial for the breaking of early bilateral symmetry (11, 17, 18) . To assess whether the regulation of cilia size and motility by the Torc1 pathway can disrupt directional fluid flow in the KV, fluorescent beads were microinjected into the KV lumen and tracked by fluorescent videomicroscopy (11, 18) . Wild-type embryos displayed a persistent counter-clockwise bead trajectory path with a mean velocity of 11.1 ± 2.3 μm/s (Fig. 3 C and D and Movie S6). Strikingly, S6k1 OE also exhibited a circular, counterclockwise bead motion but with a slower mean velocity of 7.0 ± 1.5 μm/s (Movie S7). In contrast, rapamycin-treated embryos displayed a stagnant trajectory that lacked persistent directional movement with a mean bead velocity of 2.8 ± 1.1 μm/s (Movie S8). These findings allude to the importance of appropriate cilia length for proper function of the organelle; cilia that are too long or short result in decreased motility and disruption of fluid flow.
Torc1 Signaling Is Crucial for the Establishment of Left-Right
Asymmetry. Cilia defects are commonly associated with aberrant left-right body axis development in vertebrates (11, 17, 18) . In zebrafish, tsc1a is required during early development for proper establishment of bilateral asymmetry (3), raising the possibility that Tsc1a acts through Torc1 signaling to influence left-right patterning by modulating ciliary size and function in the KV. To investigate this and the biological consequence of abnormal cilia length, we analyzed the left-right asymmetry of zebrafish embryos with disrupted Torc1 signaling. Although vehicle-treated embryos displayed normal left-sided expression of cardiac myosin light chain 2 (cmlc2), a heart marker (28), embryos treated with rapamycin exhibited a significant increase in centrally-shifted cmlc2 expression (Fig. S6 A and B) . Similarly, S6k1 and GSK3B
K85A OE embryos exhibited a significant increase in centrally shifted and right-sided expression of cmlc2 (Fig. S6C) . Hence, Torc1 signaling is essential for left-right body patterning. We further analyzed the expression domain of southpaw (spaw), which is a homolog of mouse Nodal and is one of the earliest known laterality markers in zebrafish (29) . In control embryos, spaw is expressed in the left lateral plate mesoderm (Fig. 4) . In contrast, rapamycin-treated embryos displayed a significant increase in bilateral expression of spaw (Fig.  4 A and B) . Similarly, S6k1 and GSK3B K85A OE produced a significant increase in bilateral spaw expression (Fig. 4C) . Thus, the function of Torc1 during the development of left-right body laterality precedes the asymmetric expression of spaw, a feature often linked to ciliary functions in the KV (3, 11, 17, 18) . 
Discussion
The TSC-TOR pathway has a well-established role in cell size control. Here, we report an additional role for this pathway in modulating cilia size and function (Fig. S7) . We further show that this function of the TOR pathway is evolutionarily conserved and that protein synthesis plays an important role in this regulation. It is possible that a global up-regulation of proteins critical for ciliogenesis, such as intraflagellar transport components and tubulin (2) , is responsible for cilia elongation in response to TOR pathway activation. Alternatively, TOR-mediated translation may regulate the abundance of cargos that are shuttled by intraflagellar transport into the cilium for assembly and maintenance. As the identity and function of such cargo proteins are largely unknown (2), it is challenging to test this hypothesis directly. Equally possible, the translation of a yet to be identified key regulator of cilia length control may trigger this response.
Given the central role of the TOR pathway in cellular responses to multiple environmental and intracellular signals, our results suggest that cilia length is dynamically regulated and may be responsive to multiple inputs. Furthermore, as diverse signaling cascades have thus far been associated with cilia-length defects, it is plausible that TOR represents one of many pathways in a complex network that senses and relays the need for moderating ciliary size and function.
Our results further illustrate the importance of cilia size for executing function. We showed that in the KV, cilia of wildtype length beat faster and are more efficient in generating directional flow than both abnormally long and short cilia. An alternative explanation for these phenotypes is that our genetic manipulations induce additional ciliary defects that are more directly responsible for the observed functional consequences. However, our studies show that in a wild-type population of synchronized C. reinhardtii cells grown from the same strain, the natural variation of cilia length also correlates with beating frequency, supporting the notion that cilia length is closely associated with cilia function. We therefore propose an intimate relationship between ciliary structure and function, whereby small changes in cilia size may result in profound functional and developmental disturbances. Although our study focuses on the impact of cilia length on cilia motility, it is tempting to speculate that the TOR pathway modulates cilia size as a method to regulate motility, sensation and signal transduction by cilia in response to diverse intra-and extracellular conditions, such as nutritional status and cellular growth.
Intriguingly, recent reports have indicated that the cilium may also regulate TORC1 signaling, as ciliary signaling can inhibit TORC1 activity (3, 30) . Combined, these data suggest a potential reciprocal relationship between the cilium and the TOR pathway, whereby TOR relays multiple cues to regulate cilia length, which in turn enable the cilium to best perform its function: reporting extracellular information to the TOR signaling pathway, among others, to orchestrate cellular responses.
The dissection of a ciliary size-control network and the underlying mechanisms remain as challenging but crucial areas of study. A greater understanding of the regulation of ciliogenesis has become increasingly pivotal as ciliary defects continue to be linked to numerous disease pathologies and core biological processes. Given the implications of ciliary function to human disorders, we propose additional investigation into TOR-related diseases for ciliary biogenesis disruptions. Furthermore, because TSC-TOR signaling has been associated with disease etiologies, our findings suggest the existence of a previously unexplored subclass of ciliopathies based upon defects of cilia size.
Methods
All zebrafish methods and materials, such as husbandry, MO sequences, and antibodies, used in this study are listed in SI Methods. This includes a detailed description of embryo microinjection, DFC chimeric embryo production, immunohistochemistry, cilia length measurements, videomicroscopy, and in situ hybridization. Further, C. reinhardtii assays and statistical methods are also elaborated in SI Methods. Zebrafish Husbandry. Zebrafish (Danio rerio) care and maintenance were followed according to standard protocols (1). Wild-type embryos were collected from TAB-5 and TAB-14 adult crosses.
Supporting Information
Morpholino and mRNA Microinjections. All antisense morpholino (MO) oligonucleotides were ordered from Genetools and microinjected into one-to two-cell stage embryos using standard protocols (1, 2) . The following previously published translational blocking MOs were injected at the indicates doses (3): Tsc1a: 5′-CCATAGTTGTGCAGGACAGTGGGCA-3′; 5′-AGAGAT-CAGTCCTCACCTTCACCAC-3′; Tsc1a mismatch control: 5′-CCATACTTCTGCAGCACACTGGCCAA-3′. Plasmid DNA for rat S6k1 was obtained from Addgene (pRK7-HA-P70S6K1-WT, plasmid 8984), courtesy of John Blenis (Harvard University, Cambridge, MA) (4). Plasmid DNA for human GSK3B K85A was obtained from Addgene (pcDNA3-HA-GSK3B-K85A, plasmid 14755), courtesy of Jim Woodgett (University of Toronto, Toronto, Ontario, Canada) (5). All genes of interest were PCR-amplified and recombined into pCS2-based Gateway expression plasmids, courtesy of Nathan Lawson (University of Massachusetts, Worcester, MA) and Chi-Bin Chien (University of Utah, Salt Lake City, UT). The mMESSAGE mMACHINE SP6 kit (Ambion) was used to synthesize capped mRNA. RNA was stored at −80°C and microinjected at the indicated doses into one-or two-cell stage embryos.
Rapamycin Treatment. Embryos were treated with 0.4 μM rapamycin (Calbiochem) in 1% DMSO starting at the 512-cell stage. At the six-to-eight somite stage, the treatment was washed off and embryos were subsequently collected. Vehicle-treated control embryos were treated with 1% DMSO.
Cillia Length Measurements. For Kupffer's vesicle (KV) cilia length measurements, dechorionated embryos at the six-to-eight somite stage were formalin-fixed overnight at 4°C, washed in PBS, manually deyolked with watchmaker's forceps, and permeabilized in ice-cold acetone for 7 min at −20°C. Following three washes in PBS, embryos were blocked with 10% FBS in PBS, and 0.1% Tween-20 (PBT) for 30 min at room temperature. Samples were then incubated overnight at 4°C in wash buffer with the following primary antibodies: mouse anti-acetylated α-tubulin (Sigma) at 1:2,000 and rabbit anti-atypical PKC (Santa Cruz Biotechnology) at 1:50. After numerous washes in PBT, embryos were incubated at room temperature with fluorescence-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories) at 1:200. Samples were counterstained with TOTO-3 (Molecular Probes) at 1:500 and mounted in Vectashield medium (Vector Laboratories). Each KV was imaged by recording z-stacks using a LSM 510 Meta (Zeiss) confocal microscope. Cilia length was measured and quantified from 3D volumetric reconstructions of the z-stacks using the skeletal length measurement parameter in Volocity (PerkinElmer). Renderings of cilia were generated from the volumetric reconstructions using the 3D opacity viewing mode in Volocity.
Generation of Chimeric Dorsal Forerunner Cell Embryos. For chimeric DFC tsc1a MO embryos, tsc1a MO (doses as indicated) and 3′-lissamine-labeled standard negative control MO (0.2 ng; 5′-CCTC-TTACCTCAGTTACAATTTATA-3′) were coinjected into the yolk of embryos at the 500-1,000 cell stage using previously described methods (6) . As a control, DFC control MO embryos were generated by coinjection of tsc1a mismatch MO (doses as indicated) and 3′-lissamine-labeled standard negative control MO (0.2 ng) into the yolk of embryos at the 500-1,000 cell stage. To control for the presence of tsc1a MO in the yolk-alone, yolk tsc1a MO embryos were generated by coinjection of tsc1a MO (doses as indicated) and 3′-lissamine-labeled standard negative control MO (0.2 ng) into the yolk of embryos at the dome to 30% epiboly stage (6) . Chimeric morphant embryos were selected by fluorescent microscopy for lissamine-positive cells in the dorsal forerunner cells (DFC) following previously described protocols (6) . For chimeric DFC S6k1 OE embryos, S6k1 (doses as indicated) and cytosolic eGFP RNA (0.2 ng) were coinjected into the yolk of embryos at 1,000-cell to high stage. To control for the presence of S6k1 RNA in the yolk-alone, yolk
S6k1 OE embryos were generated by coinjection of S6k1 (doses as indicated) and cytosolic eGFP RNA (0.2 ng) into the yolk of embryos at the dome to 30% epiboly stage. Chimeric RNA overexpressant (OE) embryos were selected by fluorescent microscopy for GFP + cells in the DFC.
Pronephric Duct Lumen Analysis. Embryos at 28 h post fertilization (hpf) were fixed and labeled with mouse anti-acetylated α-tubulin (Sigma) at 1:2,000 and rabbit anti-cdh17 (custom) at 1:1,000. Fluorescence-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories) were used at 1:200. Each pronephric duct was imaged by recording z-stacks using a LSM 510 Meta (Zeiss) confocal microscope. Duct area was measured and quantified by calculating volume by length from 3D volumetric reconstructions of the z-stacks using the anti-cdh17 fluorescence labeling in Volocity (PerkinElmer).
Whole-Mount Immunofluorescence. Dechorionated embryos at the indicated time points were fixed in formalin overnight at 4°C. Fixed samples were washed in PBS, manually deyolked with watchmaker's forceps and then washed three more times in PBS. Deyolked samples were permeabilized in ice cold acetone for 7 min at −20°C. Followed by three washes in PBS, embryos were blocked with 10% FBS in PBS, and 0.1% Tween-20 (PBT) for 30 min at room temperature. Samples were then incubated with primary antibodies in blocking solution overnight at 4°C, washed five times in PBT and incubated with secondary antibodies overnight at 4°C. After extensive PBT washes, embryos were counterstained with TOTO-3 (Molecular Probes) and mounted in Vectashield medium (Vector Laboratories). All images and zstacks were captured using a LSM 510 Meta (Zeiss) confocal microscope and processed using Volocity (PerkinElmer), ImageJ (NIH) and Photoshop (Adobe) software.
Pronephric Duct Cilia Measurements. For pronephric duct cilia measurements, 24 hpf embryos were formalin-fixed and labeled with rabbit anti-scorpion (Arl13b; custom) (7) at 1:1,000, mouse anti-γ-tubulin (Sigma) at 1:200 and TOTO-3 (Invitrogen) at 1:1,000. Fluorescence-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories) were used at 1:200. Each pronephric duct was imaged by recording z-stacks using a LSM 510 Meta (Zeiss) confocal microscope. Cilia length was measured and quantified from maximal Z-projections using the measurement tool in ImageJ (NIH).
Preparation of Embryo Lysates and Western Blots. Embryo lysates were prepared with 20-hpf embryos, as previously described, with minor modifications (3, 8) . Prepared samples were loaded onto 4-20% Tris-HCl minigradient gels (BioRad), then transferred to nitrocellulose (BioRad). Immunoblots were carried out using Tris-buffered saline (TBS), pH 7.4, 0.05 g/mL powdered milk (Carnation), and 0.1% Tween 20 for primary and secondary antibodies. After a final wash in TBS, 0.5% Triton X-100, blots were incubated in Western Lightning Chemiluminescence Plus (PerkinElmer) and exposed to film. The following primary antibodies were used: mouse anti-S6K1 at 1:1,000 (BD Biosciences); rabbit anti-phospho-S6K1 at 1:500 (Cell Signaling Technology); rabbit anti-phospho-GSK3B at 1:3,000 (Cell Signaling Technology); rabbit anti-GSK3B at 1:5,000 (Cell Signaling Technology), and mouse anti-β-tubulin at 1:2,000 (Sigma). All horseradish peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories) were used at 1:5,000.
Histological Analysis. Embryos at 28 hpf were fixed overnight in Bouin's fixative at room temperature. After fixation, embryos were washed three times with PBS, embedded in JB-4 resin (Polysciences), and cross-sectioned at a thickness of 4 μm. Slides were then stained with H&E. Imaging was performed on an upright Eclipse E800 (Nikon) microscope with a 20× air objective and a Retiga 2000R (QImaging) camera in RGB color mode.
Cilia Motility Analysis. For imaging of cilia dynamics in KV, embryos at the six-to-eight somite stage were dechorionated and mounted on a coverslip in 1.5% low-melt agarose. Differential interference contrast (DIC) imaging was performed on an inverted Axiovert 200m (Zeiss) microscope with a 63× water objective and a MotionPro Y4-Lite (Integrated Design Tools) high-speed camera. Five time-series were collected per each embryo at different z-planes within the KV. All time-series were collected at a rate of 1,000 frames per second (fps) with a 999-μs exposure time and a 1,016 × 1,016 pixel resolution, and played back at 10 fps for initial analysis using Motion Studio (Integrated Design Tools) software. Cilia beating dynamics were further analyzed and quantified by generating kymographs of individual motile cilia from a reconstructed time-series in MetaMorph (Molecular Devices). Movie clips were prepared using ImageJ (NIH) and iMovie (Apple).
KV Fluid Flow Analysis. For imaging of KV fluid dynamics utilizing fluorescent beads, embryos at the 4-6 somite stage were dechorionated embryos and mounted on a coverslip in 1.5% low-melt agarose. Fluorescent red beads (Polysciences) were microinjected into the KV and fluorescent imaging was performed on an inverted Axiovert 200m (Zeiss) microscope with a 40× water objective and a Coolsnap HQ2 (Photometrics) camera. Three timeseries were collected per each embryo at different Z-planes within the KV. In addition to fluorescent recordings, DIC overlays were also recorded for each clip. All time-series were collected at a rate of 20 fps with a 5 ms exposure time and a 750 × 750 pixel resolution, and played back at 10 fps for analysis using MetaMorph software (Molecular Devices). Further analyses of bead movement, including quantification of velocity and trajectory path tracking, were performed in Volocity (PerkinElmer). Movie clips were prepared using ImageJ (NIH) and iMovie (Apple).
Chlamydomonas reinhardtii Cultures and Inhibitor Treatments. C. reinhardtii wild-type strain cc-125 was obtained from the Chlamydomonas Genetics Center. Cells were cultured in liquid minimal (M1) medium at 18°C with a 12/12-h light/day cycle and constant aeration. For inhibitor treatments, 1-2 mL of cells in liquid medium were aliquoted into six-well plates on a orbital shaker. Compounds were diluted to the indicated doses with a final concentration of 1% or 2% DMSO (vehicle). For rapamycin (Calbiochem) assays, cells were pretreated for 24 h with the following concentrations: 25, 50, and 100 μM. For cycloheximide (CHX) (Sigma) assays, cells were treated immediately before deflagellation with 10 μg/mL of the inhibitor, as previously described (9) .
Deflagellation Assays. Flagella were mechanically amputated from C. reinhardtii cells by sheer stress as previously described, with minor modifications (9) . Briefly, 1-2 mL of cells in liquid culture were homogenized at 4,000 rpm using a Sorvall Omni Mixer (Thermo Scientific) for 2 min. Cells were visually examined under an upright microscope with a 40× phase contrast objective before and after homogenization to ensure homogenous deflagellation of the cell population. Kinetics of flagellar assembly and swimming speed recovery was then monitored and recorded as described below.
Flagellar Length Measurements. For C. reinhardtii deflagellation experiments, cells were fixed in 1% glutaraldehyde and kept at 4°C. Fixed cells were mounted between a glass slide and coverslip with a ring of petroleum jelly. DIC imaging was performed using an inverted Axiovert 200m (Zeiss) microscope with a 40× water objective and a Coolsnap HQ2 (Photometrics) camera.
The lengths of at least 50 biflagellated cells were measured for each time point and treatment condition, as indicated, using MetaMorph software (Molecular Devices). For C. reinhardtii flagellar length and motility association studies, DIC imaging of live cells were recorded with a MotionPro Y4-Lite (Integrated Design Tools) high-speed camera (see methods below). Length measurements were analyzed on still images from 1-s duration clips of beating flagella using ImageJ (NIH).
Flagellar Motility Analysis. For C. reinhardtii flagellar motility experiments, 10 μL of wild-type cells in liquid culture were mounted between a glass slide and coverslip with a ring of petroleum jelly. DIC imaging was performed on an inverted Axiovert 200m (Zeiss) microscope with a 63× water objective and a MotionPro Y4-Lite (Integrated Design Tools) high-speed camera. Twenty randomly selected viewing fields were collected, with ∼2,500 swimming cells captured altogether. All times-series were collected at a rate of 2,000 fps with a 499-μs exposure time and a 1,016 × 1,016 pixel resolution, and played back at 10 fps for initial analysis using Motion Studio (Integrated Design Tools) software. Quantification of flagellar beat frequency was performed in ImageJ (NIH). Additionally, lengths of individual recorded flagella were measured as described above. Movie clips were prepared using ImageJ (NIH) and iMovie (Apple).
Cellular Swimming Quantification. For C. reinhardtii swimming assays, 10 μL of wild-type cells in liquid culture were mounted between a glass slide and coverslip with a ring of petroleum jelly. DIC imaging was performed on an inverted Eclipse TE2000 (Nikon) microscope with a 10× air objective and a Coolsnap HQ (Photometrics) camera. Three random viewing-fields were imaged per each condition and timepoint. All time-series were collected at a rate of 10 fps with a 20-ms exposure time and a 512 × 512 pixel resolution, and played back for analysis using MetaMorph (Molecular Devices). For calculation of swimming velocities, cell trajectories were tracked and quantified using the track point application in MetaMorph.
In Situ Hybridization. Whole-mount in situ hybridization was performed as described previously, with minor modifications (10, 11) . Briefly, embryos were fixed in diluted formalin (1:2.7 in PBT) at room temperature for an hour or at 4°C overnight. Digoxigenin-UTP-labeled RNAs synthesized in vitro were used as probes. Alkaline phosphatase-coupled anti-digoxigenin (Roche) was used to localize hybridized probes. BM Purple AP substrate (Roche) was used as the chromogenic substrate to produce purple/blue precipitates.
Statistical Analysis. P values were derived from one-way ANOVA analysis and an appropriate post hoc multicomparison test using SPSS (IBM) in experiments with more than 2 means. Tukey's post hoc test was performed in Figs. 1 C, D , G, H, and 2E; and Figs. S2B, S3C, and S4I. Dunnett's post hoc test was performed in Fig. 3 A and C and Fig. S3D . Bonferroni's post hoc test was performed in Fig. 4 B and C, and Fig. S6 B and C. Student t test was performed in the following experiments comparing 2 means: Fig. S4 E and F. All quantified zebrafish data represents mean ± SD per embryo. In all datasets and figures, the criteria for statistical significance was defined as P < 0.05. Data that did not meet that criteria (P > 0.05) was denoted as not statistically significant ("ns"). A single asterisk indicates a comparison that results in P < 0.05, and double asterisks and triple asterisks indicate P < 0.005 and P < 0.0005, respectively. Asterisks above brackets denote comparisons between samples indicated by the bracket, and asterisks above a single sample denote comparisons between that sample and the control. elongated cilia (2.0 ng MO: n = 8 embryos, 322 total cilia), in a dose-responsive manner, compared with DFC ctrl MO embryos (n = 16 embryos, 688 total cilia, P < 0.001). Cilia length was not significantly different in DFC ctrl MO morphants and yolk tsc1a MO embryos (n = 17 embryos, 697 total cilia, P = 0.997). *P < 0.05, ***P < 0.0005, ANOVA post hoc comparison. "ns" signifies P > 0.05. Asterisks above brackets denote comparisons between samples indicated by the bracket, and asterisks above a single sample denote comparisons between that sample and the control. Data in B is mean cilia length of embryos ± SD. Chimeric DFC S6k1 OE embryos (DFC + yolk) exhibited longer cilia (0.6 ng RNA: n = 9 embryos, 333 total cilia), in a dose-responsive manner, compared with wild-type control embryos (n = 14 embryos, 532 total cilia, P < 0.001). Cilia length was similar in wild-type control and yolk S6k1 OE embryos (n = 11 embryos, 440 total cilia, P = 0.461). (D) Renal cilia length is significantly increased in S6k1 OE (n = 14 embryos, 170 total cilia, P < 0.001) and GSK3B K85A OE (n = 17 embryos, 114 total cilia, P = 0.013) embryos compared with wild-type (n = 13 embryos, 99 total cilia) at 24 hpf. (E) Representative cross-sections of the midpronephric duct (red outline) at 28 hpf in wild-type, S6k1 OE and GSK3B K85A OE embryos stained with H&E. Black box indicates a pronephric duct that is magnified to the side. (F) Representative confocal images of pronephric duct area at 28 hpf in wholemount wild-type, S6k1 OE, and GSK3B K85A OE embryos stained with antibodies against acetylated α-tubulin (green, cilia) and cdh17 (red, basolateral PND membrane). (G) Representative confocal images of pronephric duct cilia at 24 hpf in wild-type, S6k1 OE, and GSK3B K85A OE embryos stained with antibodies against scorpion (Arl13b, green, cilia) and γ-tubulin (red, basal bodies), and counterstained with TOTO-3 (blue, nuclei). (H and I) Embryo diagram illustrating the area represented by the histological and confocal images at 24 and 28 hpf. *P < 0.05, ***P < 0.0005, ANOVA post hoc comparison. "ns" signifies P > 0.05. Asterisks above brackets denote comparisons between samples indicated by the bracket, and asterisks above a single sample denote comparisons between that sample and the control. Data in C and D are mean cilia length of embryos ± SD. (Scale bars, 10 μm in A, E, F, and G; 5 μm in B.) OE and wild-type control embryos at the six-somite stage stained with antibodies against acetylated α-tubulin (green, cilia) and aPKC (red, apical KV membrane). White-border box is a magnification of two to three cilia from the background image. Yellow-border boxes indicate cilia that are rendered and magnified. (Scale bars, 10 μm.) (H) Three-dimensional volumetric rendering of individual KV cilia from GSK3B K85A OE and wild-type control embryos after staining. (Scale bars, 5 μm.) (I) Vehicle-treated GSK3B K85A OE displayed significantly elongated cilia in the KV (n = 13 embryos, 532 total cilia) relative to vehicletreated wild-type embryos (n = 13 embryos, 519 total cilia, P = 0.005). Cilia length was shortened in rapamycin-treated GSK3B K85A OE (n = 13 embryos, 505 total cilia) compared with vehicle-treated GSK3B K85A OE (P < 0.001) and wild-type controls (P = 0.024). There was not a significant difference in cilia length in rapamycin-treated GSK3B K85A OE and rapamycin-treated wild-type embryos (n = 19 embryos, 839 total cilia, P = 0.994). Single asterisk indicates a t test (E and F)
or ANOVA post hoc (I) comparison that results in P < 0.05, and double asterisk and triple asterisk indicate P < 0.005 and P < 0.0005, respectively. "ns" signifies P > 0.05. Asterisks above brackets denote comparisons between samples indicated by the bracket, and asterisks above a single sample denote comparisons between that sample and the control. Data in E, F, and I are mean cilia length of embryos ± SD. K85A yielded a significantly larger number of embryos showing middle (P < 0.001 and P < 0.001, respectively) and right-sided cmlc2 expression (P = 0.040 and P < 0.001, respectively), compared with the left-sided cmlc2 expression of wild-type embryos (n ≥ 60 embryos per condition). Data represent four independent experiments. *P < 0.05 and ***P < 0.0005, ANOVA post hoc comparison. "ns" signifies P > 0.05. Asterisks above a single sample denote comparisons between that sample and the control. Data in B and C are mean embryo percentage ± SD. Abnormally long KV cilia fail to maintain optimal beat frequency, resulting in decreased cilia-directed fluid flow, aberrant spaw expression and ultimately, laterality defects. Conversely, inhibition of TOR signaling results in lowered synthesis of ciliary precursors in the cytosol. The lack of precursors limits the assembly of cilia with proper lengths, which results in shortened cilia. Shortened KV cilia lack optimal beat frequency, resulting in loss of cilia-directed fluid flow, aberrant spaw expression and ultimately, laterality defects. Additionally, GSK3B-mediated cilia length control is achieved through upstream modulations in TOR complex 1 (TORC1) signaling. Movie S7
